Background: Listening in challenging situations requires explicit cognitive resources to decode and process speech. Traditional speech recognition tests are limited in documenting this cognitive effort, which may differ greatly between individuals or listening conditions despite similar scores. A sequential sentence paradigm was designed to be more sensitive to individual differences in demands on verbal processing during speech recognition.
INTRODUCTION
T he purpose of this study is to extend work by Gilbert et al (2013) and Schurman et al (2014) on the development of a more sensitive test for assessing internal and external factors that may influence individuals' reported difficulties when attempting to comprehend a running stream of speech. Factors internal to listeners include hearing impairment, short-term and working memory (WM), linguistic skills such as vocabulary size, aspects of executive function, and the ability to use knowledge about speaker characteristics (indexical processing) to bootstrap speech recognition (Tamati et al, 2013) . Factors external to listeners include signal-to-noise ratio (SNR), type of masker (e.g., steady noise versus modulated noise versus multitalker babble), environmental acoustics such as reverberation, signal processing (e.g., digital noise reduction), and so on.
A limitation of traditional speech recognition tests, in which a listener simply repeats back a word or sentence immediately after hearing it, is that they do not require the depth of processing needed to comprehend, retain, and respond to a spoken message that is necessary for successful communication in everyday listening situations (Fontan et al, 2015) . Evidence suggests that traditional speech recognition tests have a modest relationship, at best, with self-report measures of communication difficulties, activity limitations and lifestyle changes. For example, Cox and Alexander (1992) found that ,40% of the variance in self-report measures of new hearing aid users was predicted by recognition of sentences mixed with a six-talker babble. Furthermore, Walden and Walden (2004) found that performance on the Quick Speech-in-Noise test (Killion et al, 2004) with and without hearing aids could not predict individuals' scores on self-report measures after the participants' age was parsed out of the correlation.
In addition, a simple percent correct on a repetition task does not take into account the amount of concentration and attention necessary to achieve that level of performance. Due to these limitations, these scores tend to be insensitive to perceptual changes or preferences resulting from signal processing despite listeners reporting noticeable differences in their listening effort and/or their ability to understand speech (Preves, 1990; Keidser, 1996; Ricketts and Hornsby, 2005; Bentler et al, 2008; Sarampalis et al, 2009 ). On the other hand, tests that require a greater depth of processing whereby listeners must comprehend, make meaningful judgments, or retain information, may be inherently more sensitive to subtle changes in listening demands because of the increased cognitive load (see Picou and Ricketts [2014] for further review). Overall, there is a need for the development of speech tests that are more sensitive to individual differences in speech recognition in adverse, listening conditions and that are more predictive of real-world outcomes.
The Ease of Language Understanding model (Rö nnberg et al, 2008 ; 2013) provides a conceptual framework for how comprehension of a spoken message can become effortful and require greater use of cognitive resources. If the incoming speech is a clear match with representations stored in the lexicon in long-term memory, then the spoken message can be processed implicitly and easily understood. However, if a mismatch occurs due to a degraded signal representation, then additional cognitive resources, such as inference to fill-in gaps and the inhibition of irrelevant information, are explicitly recruited to decode the message. Because WM is required to use contextual cues to fill in missing information and to encode spoken messages into longterm memory, individuals with relatively higher WM capacity should have a better ability to overcome lexical mismatches and to decode speech under poor listening conditions than those with relatively lower WM capacity. Therefore, individual variability in WM capacity appears to play a critical role in the amount of difficulty a listener faces when speech is degraded by background noise, reverberation, and/or hearing impairment and how much these difficulties may be alleviated by signal processing (Akeroyd, 2008; Rönnberg et al, 2008; Francis and Nusbaum, 2009; Rudner et al, 2012; Besser et al, 2013; Zekveld, George, et al, 2013; Sullivan et al, 2015) . Understanding these mechanisms and documenting the challenges that individuals face while listening may help inform treatment interventions for individuals with hearing loss. For example, certain hearing technology and features may be better customized by choosing settings that lessen the cognitive demands required to listen in everyday environments and hence influence individual preferences and long-term outcomes (Desjardins and Doherty, 2013; Souza and Sirow, 2014; Arehart et al, 2015; .
Recognizing the limitations of basic speech recognition tests, Gilbert et al (2013) created the Perceptually Robust English Sentence Test Open-set (PRESTO), a high-variability test comprised of multiple talkers from eight different dialects speaking sentences with varying syntactic structures and with keywords that vary in familiarity and frequency. Previous research has indicated that speech recognition is significantly reduced when the talker's voice changes between test items (Mullennix et al, 1989; Sommers and Barcroft, 2006) . Therefore, the intent of PRESTO was to increase listening demands by decreasing the predictability of the speech material in an attempt to capture individual differences in the aforementioned cognitive factors on performance (Magnuson and Nusbaum, 2007) . Consistent with this goal, a follow-up study by Tamati et al (2013) found that individual performance on the PRESTO lists by young, normal-hearing listeners was significantly associated with multiple cognitive measures, especially short-term and WM capacity.
In addition to increasing test sensitivity by manipulating the content of the speech materials, the task of the listener can be manipulated to evaluate the effects of different experimental conditions on cognitive demand. One example is delayed recall, in which listeners are instructed to hold their responses until a set number of trials have been presented. The intent of using this method is to explicitly increase cognitive demands on listeners, especially WM, which is needed to retain and recall the responses to earlier trials. Hence, this method is typically used as a memory span test to quantify the effective use of listeners' WM. When sentences are presented in the auditory modality under different experimental conditions, listeners may be asked to immediately repeat the entire sentence so as to include a classic measure of speech recognition and/or asked to simply make a semantic judgment about it, such as whether it made sense or whether the last word was predictable from the context (Pichora-Fuller et al, 1995) . The memory component is then measured by how many of the sentence-final words can be recalled after a set number of sentences.
In a variation of the delayed auditory recall task, Schurman et al (2014) had listeners repeat back not just the sentence-final word, but the entire sentence of the trial 1-back from the current trial (hence, the term "1-back listening task"). After which, a new sentence was presented and the previously current sentence became the 1-back sentence to be repeated, and so on. The researchers' rationale for using this method was to increase WM and cognitive demands in a way that might more closely resemble the demands a listener faces in everyday conversational turn taking. This is because, unlike other manipulations used to increase test difficulty, both tasks were delivered in the auditory modality and both required verbal processing of complete sentences. Schurman et al (2014) used this method to assess the effects of listener age under several different speech-in-noise conditions, and found that older adults performed more poorly on delayedrecall (1-back) sentences compared with younger adults even though SNRs were individually adjusted to levels that produced equivalent performance on immediaterecall (0-back) sentences. Furthermore, they determined that differences between individuals on recognition of the delayed-recall sentences in the different noise conditions were significantly correlated with their performance on the listening span test (Daneman and Carpenter, 1980) , a measure of WM. In contrast to the relationship with the results for delayed-recall sentences, performance on the WM test was generally not predictive of individual differences in recognition of the immediate-recall sentences. Together, these findings suggest that adding a second sentence to the traditional speech-in-noise test and requiring listeners to retrieve it from memory may be a more effective task for measuring differences associated with the listening demands of following an ongoing stream of speech.
Using the PRESTO test materials from Gilbert et al (2013) and a delayed-recall task similar to Schurman et al (2014) , the current study investigated a novel test paradigm-a variation of the sentence recall task-in which listeners responded to two sequentially presented sentences by opposite gender talkers. The purpose of using the delayed-recall sentence paradigm was the same as Schurman et al (2014) , which was to encourage listeners to engage some of the explicit cognitive processes necessary for following an ongoing stream of speech. However, the task demands were different from Schurman et al (2014) because the listeners in the current study first heard a pair of sentences and then wrote down the first sentence in the pair (delayed recall) only after repeating back the second sentence (immediate recall). After listeners provided their written response to the delayed-recall sentence, they were presented with a new pair of sentences, thus they only had to operate on two sentences at a time. In contrast, the method used by Schurman et al (2014) required listeners to operate on three sentences at a time because they heard sentence N, responded to sentence N 2 1 that they were holding in memory, heard sentence N 1 1, and only then responded to sentence N. In addition to the less demanding pace of the trials, an advantage of the present modification was that a traditional test of speech recognition (immediate, spoken recall) was built into the design and separate blocks of trials for the delayed-recall sentences did not need to be conducted. This helped to minimize unwanted practice effects and/or fatigue effects when comparing performance across the two tasks.
Results of three experiments are reported. The first experiment tested the hypothesis that the PRESTO sentence lists were equivalent in a traditional speechin-noise test involving immediate recall. This was necessary because when experimental comparisons are made between different sets of speech materials, it is critically important that intelligibility across sets, sentence lists in the current study, be as equivalent as possible. This is particularly true when task demands increase cognitive load, which can further exacerbate differences between lists. Taking the results from the first experiment, sentences were swapped between the original PRESTO lists to create revised, equivalent lists (PRESTO-R), which were then combined into pairs for the sequential sentence paradigm. The second experiment tested the equivalency of speech recognition performance between the new PRESTO-R lists within the immediate-and delayed-recall test conditions and the hypothesis that recognition for the immediate-recall sentences would be unaffected by inclusion of the delayed-recall sentences. The third experiment manipulated the difficulty of the speech materials in the sequential sentence paradigm by changing the masker type and SNR and compared these effects to a measure of verbal WM.
EXPERIMENT I: PRESTO LIST EQUIVALENCY

Method
Sixteen normal-hearing listeners (5 males, 11 females), aged 18-27 (median 5 21 yr), were tested on all the sentences from the PRESTO test (Gilbert et al, 2013) . Listeners passed a hearing screening at 15 dB HL at the octave frequencies from 0.25 to 8 kHz in a sound-treated booth. Sentences for PRESTO were taken from the Texas Instruments/Massachusetts Institute of Technology (Garofolo et al, 1993 ) speech corpus and were compiled into 20 lists (with list 1 designated as practice) of 18 sentences from different talkers, including nine male and nine female talkers with a variety of dialects (see Gilbert et al, 2013 , for more detail about the test construction). PRESTO list 1 was always presented first to help familiarize listeners with the materials and task. The remaining 342 sentences were then presented in a computer-generated random order, which varied for each listener. Here and throughout, stimuli were presented at their native sampling rate (16 kHz) monaurally using circumaural BeyerDynamic DT150 headphones (Heilbronn, Germany) at 65 dB SPL in a sound-treated booth. All listeners were tested using their right ears, except two in this experiment and one in experiment III who were tested using their left ears because they had an established mild highfrequency hearing loss in their right ears. Sentences were presented at 23 dB SNR using a steady, speechshaped noise. This SNR was chosen based on the pilot data which indicated that it would produce scores that were not too close to the ceiling of the performanceintensity (PI) function for the immediate-recall sentences or too close to the floor for the delayed-recall sentences. Listeners were instructed to repeat back each sentence aloud immediately, which was scored by an experimenter who also controlled the rate of trial presentations. Keyword scoring was used following rules outlined in the PRESTO manual. Each list contained 76 keywords, except the practice list (list 1) which had 75 keywords. Mean percent correct was calculated separately for sentences comprising each of the original lists.
Results Figure 1 shows the results for the PRESTO lists, which are rank ordered along the abscissa from lowest to highest percent correct. Here and throughout, error bars correspond to the standard error of the mean. Mean recognition for the practice list (dark gray bar) was the lowest at 48.42%, while the test lists (light gray bars) had a mean recognition of 65.08% with a range of 55.63-73.60% (standard deviation [SD] 5 4.97%). Here, and throughout, all statistical analyses were conducted with percent correct transformed to rationalized arcsine units (Studebaker, 1985) to normalize the variance across the range and all post hoc testing of paired comparisons was completed using paired t tests and the Benjamini-Hochberg false discovery rate correction for multiple comparisons (Benjamini and Hochberg, 1995) . A within-subjects analysis of variance (ANOVA), excluding the practice list, revealed a significant main effect [F (18,270) 5 16.9, p , 0.001], indicating that speech recognition was not equivalent across the 19 test lists. The results of post hoc tests from all pairwise list comparisons are shown in Table 1 , with statistically equivalent list pairs in boldface. Of the 171 list pairs, only z38% were equivalent.
Discussion
The mean recognition of 65.08% across the test lists is located near the middle of the underlying PI function, which is desirable to avoid floor and ceiling performance effects in future applications. This range of performance was similar, but slightly higher than that obtained by a similar population at 23 dB SNR by Gilbert et al (2013) , which was 55.00% (SD 5 7.02). However, the masker used by the two studies was different. The present study used steady noise rather than multitalker babble, which may have decreased the demands on WM due to the removal of the informational masking (Schneider et al, 2007; Zekveld, Rudner, et al, 2011; Koelewijn et al, 2014) and could explain the difference in recognition (cf. experiment III). Gilbert et al (2013) administered multiple lists across a range of SNRs to each listener during two sessions and determined that the overall performance at each SNR was strongly correlated between test and retest. However, because only three to four of the lists were presented at each SNR for each listener, list equivalency could not be established. Therefore, a follow-up study by Faulkner et al (2015) evaluated the equivalency of subsets of PRESTO lists using normal-hearing listeners. The 19 test lists were divided into two subsets of ten (with list 17 common to both) which were presented in multitalker babble at 0 dB SNR to two groups of listeners. List equivalency was determined by an evaluation of overall percent correct as well as by the correlation of individual performance across lists. The authors reported that lists 5 and 18 had the lowest mean recognition scores for each subset while lists 13 and 21 had the highest mean recognition scores. These results are consistent with the findings from the present study because lists 5 and 18 also had the lowest mean recognition scores and lists 21 and 13 had the first and third highest mean recognition scores, respectively. The results for the lists with the lowest and highest recognition scores from the present study also compared favorably to another study by Faulkner et al (2015) . These authors tested a different group of normal-hearing listeners who identified a subset of the PRESTO lists that had been processed without noise using an eight-channel vocoder to simulate some of the spectral degradation associated with cochlear implant signal processing. Therefore, there is high agreement on the end points of the performance continuum between Faulkner et al (2015) and the present study despite differences in masker type, SNR, signal processing, and the fact that listeners in the present study listened monaurally and spoke their responses, while listeners in the Faulkner et al (2015) study listened binaurally and typed their responses. Using their criteria, Faulkner et al (2015) determined that ten of the lists with multitalker babble and nine of the lists with vocoding were equivalent, with six lists common to both. In the present study, in which each listener identified the entire PRESTO corpus, different pairs of lists were found to be equivalent to each other, but because the range of mean performance on the lists was z18%, without modification it would be difficult to find a mutually inclusive group of equivalent lists larger than that found by Faulkner et al (2015) . If these lists are to be used to make within-subject or between-subject comparisons across a variety of conditions, list equivalency needs to be improved because list variations may mask more subtle differences attributed to various experimental manipulations and/or between-subjects factors.
CREATION OF PAIRED PRESTO-R LISTS
D
ue the large variation in mean recognition between the original PRESTO lists, the lists were revised to improve equivalency. Based on the mean recognition scores for each sentence, low-and high-recognition sentences were swapped between lists while controlling for talker gender and the number of keywords to produce 18 test lists of 18 sentences with a mean predicted recognition of 64.99% (SD 5 0.36%, range 5 64.43-65.71%) and two practice lists with predicted recognition of 48.42% and 66.74%, respectively. Using the individual sentence data from experiment I, a withinsubjects ANOVA on the 18 new test lists indicated that predicted speech recognition was equivalent across lists [F (17,255) 
The newly created lists maintain most of the variability in syntax and speaker characteristics from the original lists; however, the integrity of the original PRESTO lists, which were balanced in terms of dialect and keyword frequency and familiarity, cannot be guaranteed. Therefore, to avoid confusion with the original PRESTO lists, the revised lists are identified as PRESTO-R and labeled using letters instead of numbers, with lists A and B reserved for practice.
Following the creation of the PRESTO-R sentence lists, 10 paired lists with 18 sentence pairs in each were created. Sentences from the first list in each pair were used for immediate-recall (lists A, C, E, G, I, K, M, O, Q, S) and sentences from the second list were used for delayed-recall (lists B, D, F, H, J, L, N, P, R, T). First, the sentences in each list were divided by talker gender and then sorted by total number of keywords. Next, each sentence was paired with a sentence from the other list with the opposite gender talker and the reverse ranking of keywords to control for the total number of keywords in each pair. The majority of sentence pairs (.82%) had eight or nine total keywords (42.2% and 40.0%, respectively) and the remaining pairs had seven or ten total keywords (10.6% and 7.2%, respectively). The sentence pairs were also checked for semantic similarities to prevent two similar topics from being presented sequentially. The revised PRESTO lists (PRESTO-R) are provided in Supplemental Appendix S1, supplemental to the online version of this article.
As a practical matter, to reduce confusion about task demands, the response to the immediate-recall sentences was spoken and the response to the delayed-recall sentences was written. The spoken response was scored immediately by an experimenter who was in the booth facing the listener while the written response was scored at a later time. While having to remember two sentences from different talkers would have increased listeners' cognitive load and tapped into the same pool of cognitive resources (Wong et al, 2004) , the effect of adding a second sentence on speech recognition was predicted to be different for the two response formats. As reviewed by Gosselin and Gagné (2010) , when listeners are given a secondary task to complete in addition to a primary listening task, they can prioritize completing the primary task over the secondary task based on the experimental instructions such that they will allocate whatever cognitive resources they have to the primary task before allocating them to the secondary task (see also, Picou and Ricketts, 2014) . Along these lines, because of (a) the minimal demand on WM, (b) the naturalness of the response format, and (c) the social demand of having an authoritative figure actively judging the spoken response, it was expected that listeners would implicitly prioritize remembering the immediate-recall sentence over the delayed-recall sentence. Therefore, it was hypothesized that relative to recognition of the single sentences in experiment I, recognition of the immediate-recall sentences in experiment II would be minimally affected while recognition of the delayed-recall sentences would be degraded. More specifically, recognition of the delayed-recall sentences was predicted to be dependent on the amount of cognitive resources required to extract and repeat back the content of the immediate-recall sentences, thereby, creating a metric that could be used to test individual differences in WM and changes in cognitive demands associated with different experimental manipulations.
EXPERIMENT II: PAIRED PRESTO-R LIST EQUIVALENCY IN SEQUENTIAL SENTENCE PARADIGM Method
To test the equivalency of the PRESTO-R lists and the hypothesis that recognition for the immediate-recall sentences would be unaffected by inclusion of the delayed-recall sentences, a different group of 16 normalhearing listeners (4 males, 12 females), aged 18-29 (median 5 20 yr) participated in the sequential sentence paradigm. All listeners completed a hearing screening as previously described. All of the sentence pairs were combined and presented in two random orders across listeners, one being the reverse order of the other, excluding the practice list pair which was always presented first so that listeners would be familiarized with the test materials and task. The sentences for each pair were presented sequentially with a 500-msec pause at a 65-dB SPL presentation level with an SNR of 23 dB using a steady speech-shaped noise.
Listeners were instructed to pay careful attention to both sentences and to immediately repeat aloud the second sentence before writing down the first sentence on the numbered answer sheet that was provided. Listeners were encouraged to provide a response for each sentence, even if the response was a guess with only a few words. If a listener began repeating the first sentence instead of the second sentence during the first practice list, they were reinstructed. After this reinstruction, all listeners correctly completed the task. The experimenter immediately scored the spoken responses and ensured that the listener did not begin writing until after the spoken sentence had been completed. The written responses were scored at a later time. Two raters scored each written response, with a third rater making a final score determination if any discrepancies occurred. The mean interrater reliability across listeners was r (179) 5 0.994 (SD 5 0.0044).
Results
The gray bars in Figure 2 display the mean recognition for the immediate-recall sentence lists in experiment II. As predicted during the creation of the lists, recognition was equivalent between each pair of test lists (lists C, E, G, I, K, M, O, Q, S) as indicated by a within-subjects ANOVA [F (8,120) 5 1.8, p . 0.05]. Mean recognition across the immediate-recall lists in the sequential sentence paradigm was 67.39% (SD 5 1.76%), which was statistically the same as the mean recognition predicted from the single-sentence paradigm (experiment I) [F (1,30) 5 0.1, p . 0.05], indicating that adding the delayed-recall sentences did not increase the WM load for the immediate-recall sentences.
The white bars in Figure 2 display the mean recognition for the delayed-recall sentence lists in experiment II. Mean recognition across the test lists (lists D, F, H, J, L, N, P, R, T) was 44.97% (SD 5 2.49%), which as predicted was much lower than for the immediate-recall sentences. A within-subjects ANOVA indicated that, unlike the immediate-recall sentences, performance for the delayedrecall sentences was not equivalent between lists [F (8,120) 5 3.35, p , 0.01]. Post hoc tests indicated that the source of significant main effect was list D, which was significantly higher than lists N and T (p , 0.05).
Discussion
By comparing performance both in a traditional singlesentence paradigm and in the sequential sentence paradigm, it was demonstrated that performance on the immediate-recall sentences was not affected by the addition of the delayed-recall sentences. As discussed in section "Creation of Paired PRESTO-R Lists", this likely occurred because of various factors that caused listeners to implicitly assign the immediate-recall sentences as the primary task and the delayed-recall sentences as the secondary task and to allocate cognitive resources accordingly. It was also demonstrated that when tested in an immediate-recall format, the PRESTO-R lists were equivalent to each other when presented in the sequential sentence paradigm. On the other hand, there was more variation in performance between lists using the delayed-response format and not all of the lists achieved statistical equivalency, which may be attributed to some sentence pairings being more difficult or easier than others. The written modality associated with the delayed-recall sentences may have also added the difficulty of trying to spell the words, and some lists may have been more challenging in this aspect even though listeners were told spelling was not scored. It may be partially for this reason that recognition for the delayed-recall sentences was lower compared with the immediate-recall sentences; however, it is largely assumed that this component of the task was more sensitive to cognitive processing demands and reflected restraints on WM. This assumption was tested in the following experiment, which manipulated the difficulty of the speech materials by changing the masker type and SNR and compared the effects of these changes on speech recognition to a measure of verbal WM.
It was hypothesized that speech recognition would be lower in the presence of a multitalker babble masker relative to a steady noise masker due to the increased demands on WM associated with inhibiting conflicting speech information from the masker (Schneider et al, 2007; Zekveld, Rudner, et al, 2011; Koelewijn et al, 2014) . The effect of masker (noise versus multitalker babble) was predicted to interact with the effect of recall (immediate versus delayed), such that the predicted decrease in recognition for the multitalker babble masker (i.e., informational masking) would be greater for the delayed-recall task because of the associated increase in demands on WM. Finally, it was hypothesized that the effects of masker and recall would interact with WM, where the predicted decrements in recognition associated with the multitalker babble masker and with the delayedrecall task would be greater for listeners with relatively low WM compared to those with relatively high WM.
EXPERIMENT III: EFFECTS OF WM, MASKER TYPE, AND SNR
Method
The effects of masker type and SNR were tested using a different group of 21 normal-hearing listeners (8 males, 13 females), aged 18-32 (median 5 20 yr). All listeners completed a hearing screening as previously described. The same pairs of lists as in experiment II were presented at 25, 0, 5, and 10 dB SNR with two masker types: steady, speech-shaped noise and multitalker babble. The multitalker babble consisted of six talkers (three males, three females) with standard Midwestern dialects who were recorded while reading 5 min of prose from different Encyclopedia passages. Each passage was recorded in a mono channel at a 44.1-kHz sampling rate using a headworn Shure Beta 53 professional subminiature condenser omnidirectional microphone with foam windscreen and filtered protective cap (Shure, Niles, IL). The published frequency response of this microphone arrangement is flat within 3 dB up to 10 kHz. Master recordings were downsampled at 22.05 kHz for further processing. Silent intervals .250 msec were shortened. Recordings derived from each talker were then band-pass filtered and spectrally shaped to approximate the one-third octave band levels from the International Long-Term Average Speech Spectrum (Byrne et al, 1994) . Using stored random seeds, random selections derived from each talker with durations 500 msec longer than the target sentence were mixed together to form a sixtalker masker. The masker started 250 msec before and ended 250 msec after the target sentence. The unique masker generated for each sentence did not change across SNR or masker type. The steady, speech-shaped noise masker for each sentence was produced using the same random selections, the only difference being that the temporal envelope was flattened by randomizing the phase of a fast Fourier transform of the masker followed by inverse fast Fourier transform.
To give listeners exposure to the different conditions and to the task itself, they responded to one list pair for practice in which the masker type alternated between presentations and SNR systematically decreased, followed by another list pair in which the masker type and SNR varied randomly. The masker condition was the same for both the immediate-recall and delayed-recall sentences in a pair, with the masker type and SNR applied to each list pair being approximately counterbalanced across listeners using one of eight pregenerated presentation orders (five orders were presented to three listeners each and three orders were presented to two listeners each). In the pregenerated test orders, two list pairs were assigned to each of the eight masker conditions. Sentences from each list pair were combined and randomized so that listeners heard a constantly changing masker level and type.
Consistent with the previous methods, sentences were presented monaurally at 65 dB SPL. Listeners were provided the same instructions as in experiment II and were reinstructed as necessary. Again, the experimenter immediately scored the spoken responses and ensured that the listener did not begin writing until after the spoken sentence had been completed. The written responses were scored at a later time. The mean interrater reliability across listeners was r (179) 5 0.991 (SD 5 0.0073).
Since performance on the sequential sentence paradigm was predicted to be related to individual differences in cognitive processing, listeners also completed the Visual Letter Monitoring test, a measure of WM (Gatehouse et al, 2003) . In this test, letters were presented in large font one at a time on a touch-screen monitor. Letter sequences were the same for all listeners. Listeners were instructed to monitor the letters and to respond when three consecutive letters spelled a word. Responses were made by pressing a button on the touchscreen labeled "Yes, this makes a word." Listeners were tested on three different letter sequences, each lasting 2-5 min: a practice run of 31 letters with a 3-sec interstimulus interval (ISI), followed by a "slow" test run consisting of a 151-letter sequence with a 2-sec ISI, followed by a "fast" test run consisting of a different 151-letter sequence with a 1-sec ISI. The performance measure consisted of d9 averaged across the two test runs (Macmillan and Creelman, 2005) : d9 avg 5 ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi d9 slow 2 1 d9 fast 2 q . A k-means cluster analysis (Arthur and Vassilvitskii, 2007) of the Visual Letter Monitoring scores was used to separate listeners into high (n 5 10: 3 males, 7 females; mean age 5 21.8 yr, SD 5 3.6) and low (n 5 11: 5 males, 6 females; mean age 5 20.6 yr, SD 5 1.7) WM groups.
Results
Figures 3A and B show the PI functions for the immediate-and delayed-recall sentences, respectively. Black lines with circle symbols and gray lines with triangle symbols correspond to the high-and low-WM groups, respectively, and solid and dotted lines correspond to the noise and babble maskers, respectively. The most apparent effects were improvements in sentence recognition with increasing SNR, with immediaterecall versus delayed-recall sentences, and with noise versus multitalker babble maskers.
For the purpose of data reduction, the PI functions for each listener and condition were converted into a speech reception threshold (SRT) corresponding to the SNR that would yield z50% correct. This was accomplished by linearly regressing the Z scores corresponding to the proportions correct against the four SNRs and using the intercept of the fitted functions (Z score 5 0, percent correct 5 50%) for the SRT. SRTs for each condition are shown in Figure 4 separately for the high-and low-WM groups (black and gray bars, respectively). Lower SRTs indicate better performance. A mixed-design omnibus ANOVA was conducted using masker (noise versus multitalker babble) and recall (immediate versus delayed) as the within-subjects factors and WM (high versus low) as the between-participants factor. Consistent with the observations from Figure 3 , there were significant main effects for masker [F (1,19) computed as an index of "informational masking" (Agus et al, 2009) . A two-sample t test showed that there was no statistical difference [t (19) , 1.0, p . 0.05] in informational masking between the high-and low-WM groups for the immediate-recall sentences (Figure 3A) , indicating that the negative effect of babble on speech recognition was equal for both groups. On the other hand, for the delayed-recall sentences ( Figure  3B ), the low-WM group had significantly greater informational masking [t (19) 5 2.4, p , 0.05] compared with the high-WM group. This result indicates that speech recognition deficits attributed to interference from the linguistic content of the babble masker were most apparent for listeners with lower WM under conditions that required successful storage and retrieval of sentences.
Discussion
The main effect for masker in the immediate-recall condition, in which recognition was significantly poorer for the sentences presented in six-talker babble compared with noise, is consistent with the previous findings (Carhart et al, 1975; Freyman et al, 2004; Simpson and Cooke, 2005; Garcia Lecumberri and Cooke, 2006; Van Engen and Bradlow, 2007; Cooke et al, 2008; Koelewijn et al, 2014) and is indicative of limitations in encoding the target speech while inhibiting the informational content of the masker. Furthermore, the immediate-recall task was not sensitive to individual differences in WM since the informational component associated with multitalker babble was equally detrimental to both WM groups. This result may be somewhat at odds with the assumption that compared with steady-state maskers, babble maskers yield lower sentence recognition because they require WM to inhibit competition of linguistic information from the competing speech (Schneider et al, 2007; Zekveld, Rudner, et al, 2011; Koelewijn et al, 2014) . One explanation for this apparent discrepancy is that immediate-recall may not be sufficiently demanding of WM in young, normal-hearing listeners and thus it may be less sensitive to individual differences in WM ability. For example, Zekveld, Rudner, et al (2011) found that sentence recognition by young, normal-hearing listeners was correlated with a measure of WM only for conditions where intelligibility was intentionally made low by decreasing the SNR and by using misleading contextual cues about the sentence content. Based on the findings that indicate that middle-aged, normal-hearing adults perform more poorly on WM tasks compared with younger adults (Jaeggi et al, 2009; Neidleman et al, 2015) , it is hypothesized that larger effects of WM on sentence recognition in babble versus noise will be observed for middle-aged and older listeners.
In the present experiment, mean sentence recognition in the immediate-recall condition for babble was lower toward the middle of the PI functions for the low-WM group compared with the high-WM group, which suggests that there may have been a role for WM that was too small to be detected statistically. Results from 40 young, normal-hearing listeners who were tested on PRESTO by Tamati et al (2013) corroborate the observed difference between WM groups in the present experiment because they found that listeners in the upper quartile on the PRESTO test had statistically Figure 4 . Plotted are the mean SRTs (lower equals better) for the two types of sentences (immediate recall and delayed recall) and the two types of maskers (noise and multitalker babble) which were derived by estimating the SNR corresponding to 50% correct for each listener and condition. The mean of high-WM group is plotted in black and the mean of the low-WM group is plotted in gray. Error bars represent the standard error of the mean.
higher indices of WM compared with listeners in the lower quartile.
Recognition was significantly poorer for both groups of listeners and both types of maskers in the delayedrecall condition compared with the immediate-recall condition, which is indicative of limitations in WM and retrieval, and not in encoding, because the lists for each recall condition were previously equated for difficulty. Consistent with this assumption, some listeners reported that they heard the first sentence clearly but then forgot what to write down shortly after they repeated back the second sentence. The role of WM and retrieval in this task is further supported by the significantly greater amount of informational masking (difference in SRT for the babble and noise maskers) for the low-WM group compared with the high-WM group in the delayed-recall condition. That is, the significant difference in this condition between WM groups indicates that WM plays an important role in the ability to respond accurately to the delayedrecall sentences in the multitalker babble. Thus, while the babble may have been more effortful and cognitively demanding compared with noise maskers in both recall conditions, the low-WM group may have had fewer cognitive resources and WM skills available to devote to speech recognition when they had to retrieve the sentences from memory in the delayed-recall condition.
GENERAL DISCUSSION
T his study provided list equivalency and normative data for the PRESTO test materials (Gilbert et al, 2013) in a single-sentence recognition task and in a sequential sentence recognition task. PRESTO sentence materials were used because they are inherently more difficult than traditional sentence recognition materials due to their high variability and low predictability. Furthermore, similar to previous delayed-recall sentence tests (Schurman et al, 2014) , the sequential sentence paradigm was used as an additional means of increasing the cognitive demands placed on listeners compared with traditional speech recognition tests. Therefore, the purpose of combining the delayed-recall paradigm with the PRESTO sentence materials was to generate a more sensitive measure of speech communication difficulties in real-world situations that require constant attention to an ongoing message.
The sequential sentence paradigm was used as a research tool for investigating cognitive processes that may influence multiple facets of everyday communication such as comprehension, listening effort, ease of understanding, and listening fatigue. These facets can be evaluated to a limited extent by electrophysiological measures and by other objective laboratory-based speech measures (Hicks and Tharpe, 2002; Wong et al, 2004; Mackersie and Cones, 2011; Zekveld, Kramer, et al, 2011; Hornsby, 2013; Zekveld, Festen, et al, 2013; Picou and Ricketts, 2014; Fontan et al, 2015; Mackersie et al, 2015; Sullivan et al, 2015) , but they are most often and best evaluated using self-report outcome measures of communication difficulties, activity limitations, lifestyle changes, and so on (Newman et al, 1991; Cox and Alexander, 1995; Dillon et al, 1997; Gatehouse, 1999; Cox et al, 2003; Gatehouse and Noble, 2004) . Therefore, while the sequential sentence paradigm was motivated by the inability of traditional speech tests to capture these real-world consequences for communication, it too needs to be validated as a proxy of outcomes associated with the provision of hearing aids, cochlear implants, etc. Tamati et al (2013) provides encouraging evidence for the clinical utility of the sequential sentence paradigm because among their young, normalhearing listeners they found that those who scored in the lower quartile on the PRESTO test also reported having difficulty understanding speakers at a public meeting or religious service at a significantly higher rate than those who scored in the upper quartile. While these two groups of listeners did not differ statistically on their responses to the other test items on the self-report measure, higher test sensitivity for PRESTO is expected when cognitive demand is increased as when testing a population of hearing-impaired individuals and/or when using the sequential sentence paradigm.
The experiments reported here demonstrated that the sequential sentence paradigm using PRESTO-R sentences in a mixed response format (spoken and written) is a feasible task for young, normal-hearing listeners.
Research is underway to demonstrate the usefulness of the sequential sentence paradigm at a variety of SNRs for documenting communication difficulty in real-world environments by clinical populations (e.g., individuals with hearing loss and older adults) whose ability to comprehend ongoing speech depends greatly on verbal WM and other cognitive processes (Desjardins and Doherty, 2013; Souza and Sirow, 2014; Arehart et al, 2015; . Furthermore, feasibility of the paradigm was also indicated by the mean recognition scores for the delayed-recall sentences, which neither were at floor performance nor were they too low to make meaningful associations with individual differences when the most difficult babble masker was used. Because the delayed-recall task leads to lower levels of performance, it inherently leaves more room to demonstrate differences in cognitive effort. Therefore, this property of the sequential sentence task may help to elucidate differences between two signal manipulations or SNRs that otherwise produce near-plateau levels of performance on traditional tests of speech recognition (Preves, 1990; Keidser, 1996; Ricketts and Hornsby, 2005; Bentler et al, 2008; Sarampalis et al, 2009 ). In addition, immediate recall of sentences was not degraded when listeners were given an earlier sentence to remember. This finding is consistent with evidence that shows that with explicit or implicit instruction, listeners are able to prioritize completing the primary listening task over a secondary task by allocating cognitive resources accordingly (Gosselin and Gagné, 2010; Picou and Ricketts, 2014) .
It was assumed that due to the additional load on WM, recognition of the delayed-recall sentences would be more sensitive to various external factors that alter the difficulty of the speech material and to various internal factors related to the encoding and retrieval of this information. It is well documented (Carhart et al, 1975; Freyman et al, 2004; Simpson and Cooke, 2005; Garcia Lecumberri and Cooke, 2006; Van Engen and Bradlow, 2007; Cooke et al, 2008; Koelewijn et al, 2014 ) that compared with steady noise, multitalker babble creates additional "informational masking" because the informational content of the masker interferes with the lexical processing of the target speech. Other researchers (Schneider et al, 2007; Zekveld, Rudner, et al, 2011) have hypothesized that individual differences in speech-on-speech masking arise from differences in WM, which is used to inhibit competition of linguistic information from the competing speech. The significant effect of masker (babble worse than noise) replicates these previous findings. Furthermore, the role of WM in both the delayed-recall task and in the recognition of speech in multitalker babble is supported by a three-way interaction whereby the low-WM group demonstrated significantly more informational masking than the high-WM group in the delayed-recall condition, but not in the immediate-recall condition. Therefore, future studies using this paradigm may need to consider individual differences in WM to see the full range of effects across conditions. 
